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Abstract 
 
Soybean rust (Phakopsora pachyrhizi H. Syd. & Syd.) causes significant economic losses 
in yield in many soybean-growing areas worldwide. Since most if not all commercial soybean 
cultivars are susceptible, research continues to search and characterize resistance. Perennial 
Glycine species have many useful traits including rust resistance that if transferred to soybean 
may provide many economic benefits. In this study, four F2 populations of G. tomentella derived 
from crossing a rust susceptible (PI 441011) with four rust resistant accessions (441008, 483218, 
509501, and 583970) were evaluated for rust resistance. About 100 F2 individuals per population 
and parents were inoculated with P. pachyrhizi under controlled greenhouse conditions. Rust 
resistance was assessed on a qualitative scale based on lesion color and sporulation of uredinia. 
Segregation analysis of F2 populations indicated several genetic models explained the inheritance 
of resistance based on how the data were interpreted; the models included one dominant gene 
and two dominant genes. The rust resistance gene or genes in these four accessions of G. 
tomentella may represent unique resistance to P. pachyrhizi not found in soybean. Survival and 
production of urediniospores of P. pachyrhizi depends on its hosts, the environment, and 
exposure to fungicides. In this study, uredinia in infected leaves were washed, incubated at 
different temperatures and fungicide concentrations, and evaluated for re-sporulation and 
germination of urediniospores. There was a significant (P < 0.05) temperature effect on uredinia 
production of urediniospores and their germination. Uredinia produced the most urediniospores 
at 15 and 20°C and the least at 30 and 35°C. Germination rate of urediniospores was 84% when 
produced from uredinia incubated at 20°C, which was the highest compared to the other 
temperatures. When urediniospores of 15 isolates were exposed to varying concentrations of 
azoxystrobin, the effective concentration 50 values ranged from 0.01 to 0.40 ppm with an isolate 
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from Arkansas having a significantly (P < 0.05) higher value than the other isolates. Detached 
inoculated leaflets incubated on azoxystrobin amended agar immediately or up to 6 days after 
inoculation had significantly (P < 0.05) lower leaf area affected and number of sporulating 
uredinia than inoculated leaves that were not incubated with the fungicide treatment for 6, 9, 12 
and 15 d after inoculation. The results show that temperatures and a fungicide play a significant 
role in uredinia production of urediniospores and their germination. This information could have 
significant implications to the epidemiology of soybean rust as it relates to inoculum density. 
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Chapter 1 
Literature Review 
 
Plant Diseases 
 The history of plant diseases is inseparable from that of human civilization. In 350 B.C., 
Aristotle described plant diseases in his writing. Until the discovery of the microscope in the 
17th century, scientists speculated about the cause of disease. Plant pathology as a science 
gained attention in the 19th century, and one of the pioneers in the U.S. was Thomas J. Burrill, a 
faculty member at the University of Illinois who, with other scientists, showed that bacteria 
could cause plant diseases (Smith, 1916). Since we are facing serious challenges of food 
shortages around the world, the role of plant pathologists becomes even more important. This 
subject was taken up at a recent symposium at the American Phytopathology Society meeting 
(Cook, 2008). 
 The rapid growth of molecular biology provides advanced tools to study many aspects of 
biology including plant pathology. Scientists have developed a variety of methods to understand 
gene functions in various organisms, and the field of genetics that Mendel studied at the whole 
plant level is now being understood at the DNA level. Many genes responsible for disease 
resistance and other traits have been mapped on specific chromosomes and cloned for various 
plants.   
Pants have developed complex defense mechanisms to various stresses. For example, 
plants may produce chemical compounds to defend themselves against pathogens and predators 
(Ecker and Davis, 1987; Osbourn, 1996). Some of these defense responses are general and some 
are specific. Plants and pathogens that have a close evolutionary relationship often times have a 
dynamic relationship where the plant may evolve to be resistant to the pathogen and the 
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pathogen follows by developing strains that overcome the resistance. This relationship is 
referred to as a “gene-for-gene” interaction (Flor, 1955). 
 
Soybean Rust  
 Soybean rust (Phakopsora pachyrhizi H. Syd. & Syd) was first observed in Japan in 1902, 
and has since spread around the world (Ono et al., 1992). Soybean rust is a foliar disease that 
causes significant yield losses (Bromfield, 1984). In Taiwan, up to 80% yield losses in soybean 
were reported in experimental plots (Yeh and Yang, 1975). Its discovery on a farm in Mililani, 
Oahu, Hawaii on 4 May 1994 was the first report of soybean rust in the U.S. (Killgore and Heu, 
1994). The first soybean rust outbreak in South America was observed in 2001 (Yorinori et al., 
2005).  
 Before the first report of soybean rust in the continental U.S., efforts were established by 
plant pathologists to minimize its impact (Miles et al., 2003; Stokstad, 2004). Soybean rust was 
first reported in the continental U.S. in Louisiana in 2004 (Schneider et al., 2005). One possible 
explanation for the entry of soybean rust into the continental U.S. is that P. pachyrhizi 
urediniospores moved from South America with Hurricane Ivan (Isard et al., 2005). This was 
followed by a number of outbreaks in various states in the southeast region of the U.S. 
(Christiano and Scherm, 2007). 
 After the initial soybean rust outbreak in the continental U.S. in 2004, the importance of 
finding more sources of resistance increased in the U.S. since it is the leading soybean producer 
worldwide. There are two pathogens that can cause soybean rust, Phakopsora pachyrhizi and P. 
meibomiae (Ono et al., 1992). P. pachyrhizi causes more severe damage than P. meibomiae 
based on greenhouse inoculation tests (Bonde et al., 2006), and other than an occasional report 
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in the literature, it does not appear to have any significant impact on soybean production. 
Microscopically, the two can be distinguished (Ono et al., 1992). Recently researchers 
developed a molecular assay to discriminate between P. pachyrhizi and P. meibomiae 
(Frederick et al., 2002). P. pachyrhizi belongs to the fungal order Uredinales, which produce 
uredinia, on “dome-like” structures that give rise to asexual urediniospores. Hair-like hyaline 
hyphae called paraphyses grow inside uredinia. Paraphyses and sporophores are base structures 
for urediniosopore production (Bromfield, 1984). Urediniospores geminate under known 
conditions including high relative humidity (Marchetti et al., 1976). A germinated urediniospore 
will develop a germ tube and appressorium. From the appressorium, a penetration peg develops, 
and penetrates the cell wall. Intracellular haustoria are formed to obtain nutrients from live plant 
cells.  
 P. pachyrhizi has a shorten life cycle compared to some other rust fungi that have five 
different spores stages: pycnial, aecial, uredinial, telial, and basidial. Pycnial and aecial spore 
stages have not been reported for the fungi that cause soybean rust. The uredinial stage is 
asexual and repeating, and is the dominant stage for soybean rust. Urediniospores infect plants 
and, depending on conditions, will complete this repeating cycle to produced uredinia and 
urediniospores every 8 to 16 days. Telial are not commonly found, and were first reported in 
Taiwan in 1975 (Yeh and Yang, 1975).  They can be induced under controlled conditions (Yeh 
et al., 1981) and have occasionally been reported in the field even in the U.S. (Harmon et al., 
2006). 
 
Soybean Rust Resistance  
 There are a few soybean accessions known for soybean rust resistance with the following 
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five dominant resistance genes now known in the following sources: Rpp1 was identified in 
soybean genotype PI 200492 (McLean and Byth, 1980), Rpp2 in PI 230970 (Bromfield and 
Hartwig, 1980), Rpp3 in PI 462312 (Hartwig and Bromfield, 1983), Rpp4 in PI 459025 
(Hartwig, 1986), and Rpp5 in PI 459025 (Garcia et al., 2008). 
 Differences between susceptible and resistant accessions were reported for early 
penetration, spread of hyphae, and development of haustoria (McLean and Byth, 1981). Single 
gene resistance was ineffective against at least some isolates collected internationally and in the 
U.S. (Bonde et al., 2006; Paul and Hartman, 2009; Pham et al., 2009). Active research programs 
are continuously searching for new sources of resistance in soybean and related species, and 
there is an effort to stack the known soybean resistance genes. In addition, molecular tools are 
being explored to find candidate genes from soybean rust resistant G. tomentella accessions 
(Soria-Guerra et al., 2010). 
 
Glycine tomentella Rust Resistance 
 Glycine and Soja are two subgenera of the genus Glycine (Willd). The subgenus Soja 
includes the cultivated soybean, G. max, diploid with 2n=40, and the wild progenitor, G. soja, 
which can hybridize with soybean. The subgenus Glycine consists of 26 wild, perennial species 
(Chung and Singh, 2008). One of the wild species is G. tomentella, a native plant in Australia. 
G. tomentella survives in warm, dry or humid climates (Brown et al., 1984) and is found in 
Australia, Papua New Guinea, Philippines, Timor Island, and Taiwan (Chung and Singh, 2008). 
 Many of the perennial wild species of Glycine have been screened for soybean rust 
resistance (Burdon and Marshall, 1981; Hartman et al., 1992). A few studies have gone beyond 
screening and evaluated the inheritance of resistance by making intra-specific crosses. For 
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example, seven accessions of G. canescens were reported to have single dominant resistance 
genes in more than four loci (Burdon, 1988). In addition, G. argyrea has one dominant 
resistance gene (Jarosz and Burdon, 1990). None of these species have been successfully 
crossed with soybean, except for G. tomentella (Patzoldt et al., 2007; Zou et al., 2004).  
 Different populations of G. tomentella have different chromosome numbers (2n = 
38,40,78, and 80) (Hymowitz, 1995), and this has been associated with soybean rust resistance 
(Schoen et al., 1992). For example, a 2n = 78 G. tomentella accession studied has one single 
dominant resistance gene for soybean rust and a 2n = 80 accession has two independent single 
dominant resistance genes for soybean rust (Schoen et al., 1992). G. tomentella and cultivated 
soybeans have some chromosome incompatibility and transfer of genes between them has been 
a relatively difficult task (Hymowitz, 1995). Since many of the perennial species may have 
resistance genes that have not been studied, scientists would like to explore the prospect for 
their use in soybean (Chung and Singh, 2008; Hymowitz, 1995; Soria-Guerra et al., 2010).  
 
Fungicide Control of Soybean Rust 
 The first study of chemical control of soybean rust was in 1960 in Japan; the study tested 
the efficacy of various chemical mixtures including lime sulfur, Bordeaux mixture, mecurial, 
and zineb (Kitani et al., 1960 a-c). In 1992, the effectiveness of mancozeb was reported 
(Hartman et al., 1992). Since that time, based on a review various studies in multiple countries 
around the world have tested different chemical mixtures for the control of soybean rust (Miles 
et al., 2003). In addition, more recently concentrations and timing of application made a 
difference in the effectiveness of control (Miles et al., 2007; Mueller et al., 2009) 
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Fungal Resistance to Fungicides 
 In the past, when most fungicides were copper-based, fungicide resistance was not 
common because copper-based fungicides are broadly effective. Newer fungicides target 
different biosynthesis processes in fungi. Resistance to these newer compounds including 
benzimidazoles, dicarboximides, phenylamides, and strobilurins has been reported fungicide 
resistance action committee (FRAC) in some fungal strains (FRAC, 2010), but not in P. 
pachyrhizi.  
 Azoxystrobin, a strobilurin compound originating from the fungus Strobilurus 
tenacellus, became widely used after market introduction in 1995 to control a variety of fungal 
pathogens (Fernandez-Ortuno et al., 2008). The chemical specifically targets the outside quinole 
oxidation site (QoI) and blocks the electron transfer pathway so it prevents gradient build up of 
electrons for ATP synthesis. As a result, it blocks heavily energy dependent processes like the 
development of a germination tube from a spore. Also, it has low toxicity to most of non-target 
organisms, except aquatic organisms (Fernandez-Ortuno et al., 2008), although based on a 
laboratory assay it caused a significant toxic response on mammalian cells (Daniel et al., 2007). 
Runoff from this fungicide could impact aquatic creatures in small streams or ponds adjacent to 
fungicide-sprayed soybean fields (Ochoa-Acuña et al., 2009).  
 Fungicide resistance to QoI class has been a concern since a point mutation in 
cytochrome B may allow fungal insensitivity to develop (Fernandez-Ortuno et al., 2008). For 
example, Mycosphaerella graminicola, cause of Septoria leaf blotch of wheat, developed 
azoxystrobin resistance in as little as 2 years after the first commercial use of the fungicide 
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(Fraaije et al., 2005). The mechanism for the resistant strains was caused by one amino acid 
change in the cytochrome B gene (Fraaije et al., 2005).  
The Fungicide Resistance Action Committee (FRAC) grew out of a meeting held in 
Brussels in 1981 (FRAC, 2010). It was agreed upon that slowing fungicide resistance would be 
a collaborative worldwide effort. Currently, FRAC is a subcommittee of CropLife International, 
the new global federation to represent the plant science industry. FRAC organized fungicide 
classes and set up protocols for monitoring fungicide resistance and recently added a North 
American division to the group (FRAC, 2010). According to research from FRAC, they found 
no insensitive P. pachyrhizi strains against either fungicide class, the sterol biosynthesis 
inhibitors or the QoI fungcides (FRAC, 2010). 
 
Objectives 
The goal of this project was to determine 1) the inheritance of reistance in G. tomentella 
and develop genetic models to explain the inheritance pattern and 2) the effect of temperatures 
and azoxystrobin concentrations on P. pachyrhizi uredinia production of urediniospores and their 
germination. 
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Chapter 2 
Characterizing Soybean Rust Resistance in Glycine tomentella 
 
Abstract 
 Soybean rust (Phakopsora pachyrhizi H. Syd. & Syd.) causes significant economic 
losses in yield in many soybean-growing areas worldwide. Most if not all commercial soybean 
cultivars are susceptible. Although single-gene resistance has been found in soybean, isolates of 
the fungus are able to overcome this resistance. Perennial Glycine species have many useful 
traits including rust resistance that if transferred to soybean may provide many economic 
benefits. In previous studies, a number of Glycine species had rust resistance. In this study, four 
F2 populations of Glycine tomentella derived from crossing a rust susceptible (PI 441011) with 
four rust resistant accessions (441008, 483218, 509501, and 583970) were evaluated for rust 
resistance. About 100 F2 individuals per population and parents were inoculated with P. 
pachyrhizi under controlled greenhouse conditions. Rust resistance was assessed on a qualitative 
scale based on lesion color and sporulation of uredinia. Segregation analysis of F2 populations 
indicated two genetic models explained the inheritance of resistance based on how the data were 
interpreted; the models included one dominant gene and two dominant genes. The rust 
resistance gene or genes in these four accessions of G. tomentella may represent unique 
resistance to P. pachyrhizi not found in soybean.   
 
Introduction 
 Soybean rust, caused by Phakopsora pachyrhizi (H. Syd. & Syd.), causes yield losses in 
soybean (Glycine max (L.) Merr.) in many countries of the world. In Taiwan, up to 80% yield 
losses in soybean were reported in experimental plots (Yeh and Yang, 1975). Currently, the 
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predominant method for control of soybean rust is the application of fungicides. However, 
fungicide use has some drawbacks, including the cost of chemicals and application, and 
potential environmental hazards.  
 After the initial soybean rust outbreak in the continental U.S. in 2004, the importance of 
finding more sources of resistance increased in the U.S. since it is the leading soybean producer 
worldwide. Five soybean resistance genes were report from different soybean accessions 
(Garcia et al., 2008; Hartwig and Whitten, 1995). Since single genes for resisance to P. 
pachyrhizi (Rpp genes) found in soybean were reported to be ineffective against some P. 
pachyrhizi isolates (Bonde et al., 2006; Paul and Hartman, 2009; Pham et al., 2009), and partial 
resistance or tolerance has not been well defined or developed in soybean, so there is a need to 
search for sources of resistance in species related to soybean (Hartman et al., 2005). 
The perennial, wild species of Glycine have been reported to have sources of soybean 
rust resistance (Burdon and Marshall, 1981; Hartman et al., 1992). The genetics of rust 
resistance in only a few of these accessions has been studied. For example, accessions of G. 
canescens were reported to have single dominant resistance genes at more than four loci 
(Burdon, 1988), while G. argyrea was reported to have a dominant resistance gene (Jarosz and 
Burdon, 1990), and a G. tomentella (2n = 78) accession had a single dominant resistance gene 
while another accession (2n = 80) had two dominant resistance genes (Schoen et al., 1992). In 
addition, perennial species of Glycine were evaluated at the Foreign Disease-Weed Science 
Research Unit (FDWSRU) in the Bio Safety Level (BSL)-3 facility in Ft. Detrick, MD 
(Hartman, pers. comm.). Based on that study at FDWSRU, four sources of resistance found in 
G. tomentella (all accessions from Australia) were used to make crosses to a rust-susceptible G. 
tomentella (Hymowitz, pers. comm.). The objective of my study was to determine the 
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inheritance of resistance in G. tomentella in the four accessions and develop genetic models to 
explain the inheritance patterns.   
 
Materials and Methods 
Plant materials 
Four resistant accessions (441008, 483218, 509501, and 583970) were crossed to one 
susceptible accession (PI 441011) to generate hybrids that were selfed to produced four G. 
tomentella F2 populations (Table 2.1). The crosses were completed under Dr. T. Hymowitz’s 
supervision at the University of Illinois and he provided F2 seeds from each of the four 
populations (Table 2.1).  
 About 100 F2 seeds per population and three seeds per each parent were scarified, and 
placed in 100 mm diameter Petri dishes containing moist filter paper. After 3 days, each seedling 
was transplanted into a 15 cm diameter plastic pot containing soilless potting mix (LC-1, Sungro 
Horticulture, Bellevue, WA) in a BSL-2 containment greenhouse in Urbana, IL. Plants were 
fertilized with N-P-K (19-16-12) osmocote fertilizer (Scott Miracle Company, Marysville, OH). 
All seedlings were grown in the greenhouse with 12 h daylight 800 µmol m-2 s-1 (light intensity) 
at 28 °C day /25 °C night temperature regime.  
Inoculations  
  The soybean rust isolate FL07-1, collected in Quincy, Florida in August, 2007, was 
maintained on the first trifoliate stage of detached leaves of soybean cv. Williams 82 on water 
agar (WA) supplemented with 6-benzylaminopurine (BAP, Sigma, St. Louis, MO) in 100 mm 
diameter Petri plates following a published procedure (Twizeyimana et al., 2007).  
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 To increase inoculum, detached leaflets were individually sprayed with a urediniospore 
suspension using an air-brush (Paashe Airbrush Co, Lindenhurst, IL) and small compressor 
(Badger Co., Franklin Park, IL) set at 138 kPa. Following inoculation, leaflets were placed in the 
dark in a controlled environmental chamber (Percival Scientific, Perry, IA) at 22 °C for 12, then 
at a 14/10 h day/night photoperiod with light levels of 102.3 µmol m-2s-1 for 3 weeks. 
Urediniospores were collected from infected detached leaves using a custom-made mini-cyclone 
spore collector along with a vacuum pump (Barnant Company, Barrington, IL).  
Freshly collected spores were suspended in 2 ml of 0.01% Tween-20 (Sigma), vortexed 
for 30 sec, and diluted with distilled water to a concentration of 50,000 spores per 1 mL. One 
hundred sixty day old F2 plants, plants of parents, and sixty day old six plants of cv. Williams 82 
were inoculated to runoff with an airbrush (Delta, Jackson, TN) attached to a portable 
compressor (Delta ShopMaster 2-Gallon Low Noise Air Compressor, Jackson, TN). To check 
for spore germination, ten 10 µL droplets of the spore suspension were placed on water agar 
plates and incubated in a plant tissue culture chamber at 22 °C for 12 h, and evaluated under a 
dissecting microscope (Nikon, Melville, NY) at X50 magnification. Plants were placed in a mist 
chamber in the greenhouse room with a relative humidity setting at 90% 30 min after 
inoculation. They were removed from the mist chamber after 12 h. Plants were rated at 18 days 
after inoculation (DAI). 
Rust Rating Scale  
 The disease rating scale was adapted from previous studies on evaluating soybean rust 
resistance on perennial Glycine species and soybean (Burdon, 1988; Burdon and Marshall, 
1981; Miles et al., 2006; Schoen et al., 1992). The disease rating scale was: 1 = no lesions 
observed, 2 = reddish-brown (RB) lesions observed but no uredinia, 3 = RB lesions with 
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uredinia with reduced sporulation (less than fully sporulating), 4 = RB lesions with full 
sporulation (like the TAN lesions), and 5 = TAN lesions with abundant sporulation (Table 2.1) 
(Chang et al., 2008). For sporulation, a dissecting microscope (Nikon, Melville, NY) at X 50 
magnification was used to observe uredinia sporulation in both the RB and TAN lesions.  
Data Analysis 
Two genetic models were tested based on different groupings of the disease scale. One 
analysis grouped them by classifying them as resistant based on the rating of 1, 2, or 3 and 
susceptible based on the rating of 4 or 5. Another analysis grouped them by classifying them as 
resistant based on the rating of 1, 2, 3, or 4 and susceptible based on the rating of 5.  
The analysis was done by Chi Square (χ2) based on observed and predicted values of 
resistant and susceptible individuals of four G. tomentella F2 populations based on the phenotype 
grouping previously described.   
 
Results 
 The germination rate of isolate FL07-1 averaged over the 10 samples was 95%. 
Susceptible cv. Williams 82 and the G. tomentella accession PI 441011 had TAN lesions with a 
disease rating of 5. The resistant parents (PI 441008, PI 509501, and PI 583970) all had a 
disease rating of 1 while PI 483218 had a disease rating of 3 (Fig. 2.1). 
 The phenotype results from the parent accessions are shown in Table 2.2. Model 1 fit a 
single dominant gene segregation ratio (3R:1S) and model 2 fit a two dominant gene 
segregation ratio (15R:1S) (Table 2.3).  
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Discussion 
In many cases, inheritance of disease resistance in plants has been shown to be controlled 
by a single dominant resistance gene (Mysore and Ryu, 2004). In a previous study in G. 
tomemtella, a single dominant gene was shown to control soybean rust resistant based on 
sporulation (Schoen et al., 1992). In my study, I confirmed that a single dominant gene 
controlled soybean rust based on sporulation alone by Chi-square analysis.  
To evaluate the inheritance of soybean rust resistance in soybean, the color of lesions was 
used to determine resistant or susceptible reaction types; TAN lesions (susceptible phenotype) 
corresponded with more uredinia than RB lesions that had less uredinia (Bromfield et al., 1980). 
In previous inheritance studies of the perennial Glycine species, lesion color was used to 
distinguish resistant and susceptible phenotypes but the degree of sporulation also was used 
(Burdon, 1987; Burdon, 1988; Burdon and Marshall, 1981; Jarosz and Burdon, 1990; Schoen et 
al., 1992). Based on studies of other hosts (non Glycine), P. pachyrhizi develops various lesion 
colors from TAN to black (Slaminko et al., 2008). Based on lesion color alone, I concluded that 
two dominant genes controlled soybean rust resistance.  
A two independent gene model was shown to occur in one G. canescens rust resistant 
accession out of seven accessions tested (Burdon, 1988). Other hosts also have shown 
inheritance patterns of a two gene model. For example, in mungbean resistant against powdery 
mildew (Erysiphe polygoni) and in wheat resistance against stripe rust (Puccinia striiformis), two 
independent genes were shown to control resistance (Nazari and Wellings, 2008; Reddy, 2007). 
In my study, although tested, the data did not fit a two independent gene model. 
In soybean, five soybean rust resistant loci are known, but the relationship between these 
loci and the resistant genes found in the perennials is not known. Genomes of Glycine spieces 
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have complex ploidy levels, G. max genome has a 2n=40 chromosome number, but G. 
tomentella have 2n=38, 40, 78, and 80 chromosome numbers (Chung and Singh, 2008). Some 
studies suggested that simple sequence repeat soybean markers may be transferability in wild 
perennials of Glycine and hybrids G. max and G. tomentella (Peakall et al., 1998; Zou et al., 
2004). In my study, I was not successful in using soybean SSR markers in G. tomentella 
populations because no polymorphic markers were found between resistant and susceptible 
parents (Appendix A). Also, analysis of single nucleotide polymorphisms (SNPs) detection did 
not produce any polymorphic markers between bulk of soybean rust resistant F2 G. tomentella 
and soybean rust susceptible F2 G. tomentella based on DNA samples sent to USDA-ARS in 
Beltsville, MD (David Hyten pers. comm.). The reason, in part, maybe because the G. 
tomemtella genome is about twice the size as the G. max genome, genome survey suggested that 
only of 40% G. tomentella sequences match the G. max genome (Matthew Hudson pers. 
comm.).     
A number of studies confirmed the presence of resistance genes in perennials Glycine 
species (Burdon, 1987; Burdon, 1988; Jarosz and Burdon, 1990; Schoen et al., 1992). 
Specifically in G. tomentella, two accessions (G 1408 and 1392 - PI accession numbers do not 
exist) are known to have single dominant resistance genes against soybean rust based on F2 
segregation patterns (Schoen et al., 1992). My results also are based on F2 segregation patterns as 
well, but I would like to confirm my results by screening additional backcrossed of F1 G. 
tomentella populations. Eventually, G. tomentella may offer additional soybean rust resistance 
genes that may be stacked with Rpp soybean rust resitance genes and to potentially provide more 
durable resistance.  
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Table 2.1. Populations developed from crosses between susceptible and resistant lines of Glycine 
tomentella used to evaluate the inheritance of rust resistance to Phakopsora pachyrhizi. 
PI Male/Female Cross PI Male/Female Seed Quantitiesa 
441011(S) Reciprocal X 583970(R) Reciprocalb 102c 
441008(R) Female X 441011(S) Male 200 
483218(R) Female X 441011(S) Male 200 
441011(S) Female X 509501(R) Male 210 
a Number of F2 seeds 
b In the reciprocal crosses PI 441011 x PI 583970, PI 441011 is both the male and female 
depending on the direction of the cross. 
c The total number of seeds from both crosses. 
 
Table 2.2. Segregation of F2 progeny derived from crosses of Glycine tomentella for resistance to 
Phakopsora pachyrhizi.  
Rating scales  
1 2 3 4 5  
 
Resistant PIa  Immune  RB lesion only  
RB lesions 
with minimal 
sporulation  
RB/ 
sporulation   
TAN/ 
sporulation 
441008 61 24 13 13 6 
483218 54 21 8 15 4 
509501 30 24 12 5 3 
583970 30 23 6 6 4 
a All resistant G. tomentella accessions crossed with a susceptible accession, PI 441011. 
 
 
25 
Table 2.3. Patterns of segregation for resistance (R) or susceptibility (S) to Phakopsora 
pachyrhizi tested on different genetic models in F2 seedling families derived from crosses between 
individual lines of the Glycine tomentella differential set. 
Genetic model 1 
(3:1)b 
Genetic model 2 
(15:1)c 
 
 
 
Resistant PIa 
Observed 
number of 
plants 
(R/S) 
χ2 
(P-value)  
Observed 
number of 
plants (R/S) 
χ2 
(P-value)  
441008 85/32 
0.35 
(0.56) 
111/6 
0.25 
(0.62) 
483218 75/27 
0.12 
(0.73) 
98/4 
0.94 
(0.33) 
509501 54/20 
0.16 
(0.68) 
71/3 
0.61 
(0.44) 
583970 53/16 
0.12 
(0.73) 
65/4 
0.03 
(0.88) 
a All resistant G. tomentella accessions were crossed with susceptible accession PI 441011. 
b Model 1 was based on the resistant and the susceptible phenotype by reduced sporulation (R) 
and fully sporulation (S). 
c Model 2 was based on the resistant and the susceptible phenotype by RB lesion (R) and TAN 
lesion (S). 
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1 2 3 4 5 
Immune 
Lesion without 
uredinia 
Reddish 
brown(RB) with 
minimal 
sporulation 
(RB) lesion with 
sporulation 
TAN lesion with 
sporulation 
PI 441008       
PI 509501      
PI 583970  
 PI 483218  PI 441011 
 
Figure 2.1. Disease rating scale for used to access resistance of Glycine tomentella parents and 
their progeny to Phakopsora pachyrhizi. 
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Chapter 3 
Effect of Temperature and a Fungicide on Phakopsora pachyrhizi Uredinia Production of 
Urediniospores and Their Germination 
 
Abstract 
 Soybean rust (Phakopsora pachyrhizi H. Syd. & Syd.), the causal agent of soybean rust, 
is a widespread and damaging pathogen with the first reported outbreak in the continental U.S. in 
2004. Survival and production of urediniospores of P. pachyrhizi depends on its hosts, the 
environment, and exposure to fungicides. In this study, uredinia in infected leaves were washed, 
incubated at different temperatures and fungicide concentrations, and evaluated for re-
sporulation and germination of urediniospores. There was a significant (P < 0.05) temperature 
effect on uredinia production of urediniospores and their germination. Uredinia produced the 
most urediniospores at 15 and 20°C and the least at 30 and 35°C. Germination rate of 
urediniospores was 84% when produced from uredinia incubated at 20°C, which was the highest 
compared to the other temperatures. Uredinia produced germinable urediniospores after an initial 
incubation of 11 h at 35°C followed by an incubation for 12 h at 20°C, although the germination 
rates were significantly (P < 0.05) lower (52%) than when uredinia were kept at a constant 20°C 
(94%). When urediniospores of 15 isolates were exposed to varying concentrations of 
azoxystrobin, the effective concentration 50 values ranged from 0.01 to 0.40 ppm with an isolate 
from Arkansas having a significantly (P < 0.05) higher value than the other isolates. Detached 
inoculated leaflets incubated on azoxystrobin amended agar immediately or up to 6 days after 
inoculation had significantly (P < 0.05) lower leaf area affected and number of sporulating 
uredinia than inoculated leaves that were not incubated with the fungicide treatment for 6, 9, 12 
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and 15 d after inoculation. The results show that temperatures and a fungicide play a significant 
role in uredinia production of urediniospores and their germination. This information could have 
significant implications to the epidemiology of soybean rust as it relates to inoculum density.  
 
Introduction 
 Phakopsora pachyrhizi H. Syd. & Syd., the causal agent of soybean rust, is a widespread 
and damaging pathogen found throughout tropical and sub-tropical regions of the world with the 
first reported outbreak in the continental USA in 2004 (Schneider et al., 2005). P. pachyrhizi 
survives on living hosts and spreads by wind-blown urediniospores, the infectious stage of the 
pathogen. Like other hyaline or lightly pigmented urediniospores, soybean rust spores are 
sensitive to solar radiation, and temperature and humidity extremes (Bonde et al., 2007; Isard et 
al., 2006; Twizeyimana and Hartman, 2010).    
Uredinia are imbedded in host leaf tissue within lesions. They are the fruiting structures 
that produce urediniospores and like spores, have their sensitivities to various environmental 
factors. Of the environmental factors studied, temperature effects on urediniospore survival are 
most common and only a few studies report on the effect of temperature on uredinia production 
of urediniospores. One such study showed that uredinia of Puccinia recondita f. sp. tritici peaked 
in production of urediniospores at 13 days at 20°C compared to 30 days at 5°C (Clifford and 
Harris, 1981). For P. pachyrhizi, cold temperature studies on infected leaflets of kudzu exposed 
to freezing temperatures (-0.1 to -4.9 °C) did not completely kill uredinia (Formento and Souza, 
2006), nor did over seasoning in the winter in Florida or Louisiana (Jurick et al., 2008; Park et 
al., 2008).  
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Application of fungicides also is important in the survival of uredinia and their 
subsequent production of urediniospores. Several studies have summarized the chemistry and 
efficacy of fungicides to plant pathogens (Brent and Hollomon, 2007). Sterol biosynthesis 
inhibitors are the largest and most used fungicide class, and includes C14-demethylation 
inhibitor amines and hydroxyanilides. To control soybean rust, sterol biosynthesis inhibitors and 
quinone outside inhibitors (QoI), which targets electron transfer Qo site in the mitochondrial 
complex III (Brent and Hollomon, 2007), have been widely studied in experimental plots in 
Africa, and in South and North America for the control of soybean rust (Miles et al., 2007; 
Mueller et al., 2009). 
 Fungal pathogen sensitivity to fungicides exists for only a few species (Russell, 2004). 
Initial sensitivities can be used to monitor the changes in strains/isolates over time to determine 
if they become insensitive to a given fungicide. For example, based on a site mutation, 
Mycosphaerella graminicola, the cause of Septoria leaf blotch of wheat, developed azoxystrobin 
resistance in just two years after the first commercial use of the fungicide (Fraaije et al., 2005). 
For P. pachyrhizi, there are no baseline sensitivities for isolates to QoI fungicides. The methods 
to check for baseline sensitivities for QoI fungicide were published by the fungicide resistance 
action committee (FRAC) (Buzzerio, 2006) and are based on urediniospore sensitivity to 
fungicides.  
The objectives of this study were to determine the effect of temperatures and 
azoxystrobin on P. pachyrhizi uredinia production of urediniospores and the germination of 
urediniospores produced under these treatments. 
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Materials and Methods 
 Three experiments were completed to evaluate the effect of temperature on uredinia 
production of urediniospores and their subsequent germination. Experiment 1 evaluated the 
effect of five incubation temperatures over 48 h, Experiment 2 evaluated the effect of 20 and 
35°C incubation over 12 h, and Experiment 3 evaluated the effect of 35°C incubation over 12 h 
followed by 20°C incubation over 12 h on uredinia production of urediniospores.  
Two more experiments were completed to evaluate the effect of azoxystrobin on 
urediniospore germination of 15 isolates (Experiment 4) and to evaluate the effect of 
azoxystrobin applied to leaves post inoculation on the development of rust symptoms and 
uredinia production (Experiment 5).  
Production of infected plant materials (Experiments 1-3). Two-week-old soybean 
cultivar Dwight plants were inoculated in a Biosafety Level 2 containment greenhouse at the 
University of Illinois in Urbana, IL. Urediniospores of isolate FL07-1 (collected in Quincy, 
Florida in August, 2007) were used as the inoculum source. To inoculate the cv. Dwight plants, 
five heavily infected leaflets with abundant sporulation from a previous inoculation in the 
greenhouse were inserted into a hand-held atomizer and 200 mL distilled water and 0.01% (v/v) 
Tween-20 were added. Plants were sprayed with the suspension until run off and placed on a 
greenhouse bench covered with shade cloth (60%). During the inoculation process, several water 
agar (WA) plates were opened to catch the spray droplets. These plates were incubated at 22°C 
for 12 h and germinated spore counts were made at X25 using a dissecting microscope (Nikon, 
Melville, NY). Each end of the greenhouse bench was equipped with a humidifier (Herrmidifier, 
Sanford, NC) set at 95~100 % relative humidity for 16 h without any additional light source. 
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Plants then were placed in a greenhouse room set to 20 to 22°C with supplemental high intensity 
lamps set at 750 watts maximum with a 12 hour photoperiod. At 20 day after inoculation (DAI) 
the leaves were observed with a hand held magnifier. Only trifoliolate leaves with abundant 
sporulating uredinia were transferred to the laboratory for further experimentation.  
Experimental procedures (Experiment 1-3). Infected leaves collected from the 
greenhouse were divided into leaflets, washed with distilled water in a 50 mL conical tube 
(Becton, Dickinson and Company, Franklin Lakes, NJ), and then vortexed (Vortex-Genie2, 
Scientific Industries, Bohemia, NY) for 15 sec at the highest speed (setting at 10) to completely 
separate urediniospores from leaf material and embedded uredinia. Each leaflet (Experiment 1) 
or leaf discs (Experiments 2-3) was placed into a Magenta box (75 mm × 75 mm × 100 mm, size 
GA-7, Sigma Chemical Co., St. Louis, MO) that contained sterile 20 mL of 1.5% bacto agar 
(Becton, Dickinson and Company, Franklin Lakes, NJ). Lids of the boxes were closed before 
incubating them in the dark. 
To maintain different temperatures, heating blocks (Barnstead/Thermolyne Dri-Bath, 
Dubuque, IA) were placed inside an environmental tissue chamber (Controlled Environments 
Inc., Pembina, ND). A noncontact thermometer (Spectrum Technologies, Plainfield, IL) was to 
used to calibrate the temperature of the leaf surface of each heating block before each 
experiment. 
To collect urediniospores, leaflets (Experiment 1) or leaf discs (Experiment 2 and 3) were 
observed under the dissecting microscope in a biological containment hood (Sterilegard, The 
Baker Company, Sanford, ME). Urediniospores were collected from lesions that consisted of 
four to seven uredinia by pipetting 2.5 µL of distilled water amended with 0.01% Tween-20 on 
the lesion and then sucking the suspension back into the pipette tip and releasing the suspension 
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to a 1% WA plate for counting germinated and non-germinated urediniospores after incubation 
for 12 h in the dark at 22°C.  
Experiment 1 - effect of five incubation temperatures on uredinia production of 
urediniospores. Treatments consisted of incubation at 15°C (tissue chamber), 20°C, 25°C, 30°C, 
and 35°C (heating blocks inside chamber). The experiment used a completely randomized design 
with four samples per each of two replications repeated over time.  
Leaflets were examined in a biological containment hood at 12 h intervals up to 48 h to 
extract spores for counts and germination tests. Leaflets were returned to the incubator until the 
next sample time when the procedure was repeated again. A pen mark was used to identify the 
same lesion for repeated measures 
Experiment 2 - effect of 20 and 35°C incubation on uredinia production of 
urediniospores from 5 to 11 h after incubation. Treatments consisted of incubation at 20°C 
(tissue chamber) and 35°C (heating blocks inside the chamber). The experiment was a 
completely randomized block design with five replications (five magenta boxes placed in five 
heating blocks) for 35°C and two replications (two magenta boxes) for 20°C. The experiment 
was repeated once.  
Using greenhouse infected leaflets, leaf discs were punched with a 23-mm diameter cork 
borer and placed in Magenta boxes (eight discs per box), lids closed, and incubated at the two 
treatment temperatures. Starting at 5 h after incubation (hai) and continuing every 2 h until 11 
hai, the magenta boxes were transferred to a biological containment hood, opened, and two discs 
were randomly selected from each box. Urediniospores were recovered as previously described 
from one lesion per disc that was randomly choosen. The counts and germination of 
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urediniospore were completed as previously described. Boxes with the remaining leaf discs were 
returned to the incubator until the next sample time when the procedure was repeated again. 
Experiment 3 - effect of 35°C incubation followed by 20°C incubation on uredinia 
production of urediniospores. Treatments consisted of i) incubation at 35°C followed by 20°C 
and ii) constant incubation at 20°C. The experiment was a completely randomized block design 
with five replications (five magenta boxes placed in five heating blocks) for 35°C followed by 
20°C and two replications for (two magenta boxes) for continuous 20°C. The experiment was 
repeated once.  
This experiment was identical to Experiment 2, except for the extra treatment of re-
incubation at 20°C. Recovery of spores, counts and germination were completed as previously 
described.  
Experiment 4 – Effective Concentration (EC) 50 of P. pachyrhizi isolates. Fifteen P. 
pachyrhizi isolates were maintained and proliferated on detached leaflets of soybean cv. 
Williams 82 in WA (Sigma, St. Louis, MO) supplemented with 6-benzylaminopurine (BAP, 
Sigma, St. Louis, MO) in 100 mm diameter Petri plates. The experiment was a completely 
randomized design with one sample per each of two replications that were repeated over time.  
 Detached leaflets were individually sprayed with a 50,000 spores µl-1 urediniospore 
suspension using an airbrush (Paashe Airbrush Co, Lindenhurst, IL) driven by a small 
compressor (Badger Co, Franklin Park, IL) at 138 kPa. Following inoculation, all plates were 
placed in a controlled environment chamber (Percival Scientific, Perry, IA) in the dark for 12 h 
then at 14/10 h of day/night 102.3 µmol m-2s-1 photoperiod at 22°C. 
A commercial grade of azoxystrobin (Quadris, Syngenta, Willington, DE) was used at a 
concentration of 2.5 ppm followed by 1:10 dilutions to 0.0025 ppm. Nine ml of water and 10 g 
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of agar (Selected Agar, Sigma, St. Louis, MO) were added to each of six 50 ml flasks. These 
were autoclaved at 120°C for 20 minutes. After autoclaving, flasks were set in a water bath at 
65°C. When cooled to 65°C, 1 ml of fungicide at each concentration was added. A 400 µl of 
each fungicide concentration and control (no fungicide) was added in one row of a 48-well cell 
culture plates (Cellstar, Greiner Bio-one, Monroe, NC). The location of wells was pre-
randomized (Random.org). Plates were cooled inside the sterile hood overnight with lids was on. 
A 5 µl of spore suspension (20 spores/1 µl) of each isolate was transferred to each well. Total 
germinated and not germinated urediniospores in each well were counted 12 h after incubation. 
EC 50 was the concentration needed to kill 50% of the urediniospores for each isolate (Russell, 
2004).  
Experiment 5 - effect of incubation time with azoxystrobin on symptom and 
uredinia development. Treatments consisted of incubating inoculated leaflets for different time 
intervals with and without azoxystrobin amended in the WA medium. Treatment 1 was not 
incubated after inoculation with azoxystrobin amended in the WA medium. Treatment 2 was 
incubated at time 1d after inoculation with azoxystrobin amended in the WA medium, treatment 
3 (3 d), treatment 4 (6 d), treatment 5 (9 d), treatment 6 (12 d), and treatment 7 was inoculated 
but not exposed to the fungicide (control). The experimental design was completely random 
design with three (trial 1) or four (trial 2) replications.  
Detached first trifoliate stage leaflets of cv. Williams were individually sprayed on the 
abaxial side with a 100,000 spores 1 ml urediniospore suspension (FL07-1) using an airbrush and 
compressor as previously described. Following inoculation, leaflets were transferred with adaxial 
side to the fungicide (2.5 ppm) or non fungicide-amended agar plates. All leaflets were incubated 
in a tissue chamber in the dark for 12 h at 22°C followed by 14/10 h of day/night 102.3 µmol m-
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2s-1 photoperiod at 22°C. Every 3 days, four leaflets were transferred with adaxial face to the 
fungicide-amended agar for up to 12 days.  
At 15 DAI, photos of each leaflets were taken using a digital camera (Nikon, Melville, NY) 
then images analyzed by imaging software (Assess 2.0, APS, St. Paul, MN) to determine the leaf 
area affected. The number of uredinia per leaflet was counted under the dissecting microscope 
inside a sterile hood (only in trial 2).  
 Data analysis. Data from repeated experiments (Experiments 2, 3 and 5) were tested for 
homogeneity of error variance before pooling data from repeated experiments. Data were tested 
by analysis of variance (ANOVA) using PROC GLM of SAS 9.2 (SAS Institute Inc., Cary, NC), 
except Experiment 1 and means were separated using Fisher’s protected least significant 
difference (LSD) test at α = 0.05. In Experiment 1, data were analyzed by repeated measures 
analysis of variance with the PROC Mixed procedure and means were separated using Fisher’s 
protected LSD test at α = 0.05. Data recorded on the spore germination in Experiments 4 were 
subjected to the analysis of variance using PROC Probit log10 procedure of SAS 9.2 and means 
were separated using Fisher’s protected LSD test at α = 0.05.  
 
Results  
Effect of five incubation temperatures on uredinia production of urediniospores 
(Experiment 1). There was a significant (P < 0.05) temperature effect on uredinia production of 
urediniospores and their germination, but no effect of exposure time or an interaction of 
temperature and time (Table 3.1). Urediniospore production by uredinia was greatest at 15°C and 
20°C and declined at higher and lower temperatures (Table 3.2, Figs. 3.1, 3.2A). Production of 
urediniospores generally increased over time when incubated at 15 and 20°C, remained relatively 
36 
constant at 25 and 30°C, but declined in numbers at 35°C (Fig. 3.2A). Urediniospore 
germination rates were highest when incubated at 20°C (84%), intermediate at 20 and 25°C, and 
below 3% at 30 and 35°C (Table 3.2, Fig. 3.2B).  
Effect of 20 and 35 °C incubation on uredinia production of urediniospores from 5 
to 11 h after incubation (Experiment 2). Data from the two trials were combined based on the 
Levene’s test for homogeneity of variance that showed that the two trials did not differ for the 
number of urediniospores (P = 0.178) and percentage germination (P = 0.0651). There was a 
significant (P < 0.05) interaction between temperature and time for uredinia production of 
urediniospores and urediniospore germination (Table 3.3).  
The number of urediniospores was significant (P < 0.05) greater at 20 than 35 °C for each 
time point except for 5 h (Table 3.4). Regardless of the sample time, the number of 
urediniospores did not differ at 35°C, but differed (P < 0.05) at 20 °C with 11 h producing more 
spores than the earlier times. Germination rates of urediniospores was significantly (P < 0.05) 
greater at 20 than 35°C for each time point except for 5 h (Table 3.4). Regardless of the sample 
time, the germination rates of urediniospores did not differ at 35°C, but differed (P < 0.05) at 
20°C with 11 h producing higher germination rates than the earlier times. 
Effect of 35°C incubation followed by 20°C incubation on uredinia production of 
urediniospores (Experiment 3). Since the two trials were significantly different based on the 
Levene’s test of homogeneity for variances (P = 0.0332 for number of spores and P = 0.0193 for 
germination), data were not combined for analysis. For the number of urediniospores; only 
temperature was significant for trial one; there was a temperature x time interaction only for trial 
two. For urediniospore germination percentage, only temperature was significant for both trials 
(Table 3.5).  
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The number of urediniospores was significant (P < 0.05) at 20°C for each time point 
(Table 3.6). Regardless of the sample time, the number of urediniospores did not differ at 35°C 
(trial 2), but differed (P < 0.05) at 35 °C (trial 1). Urediniospore germination rate was 
significantly different between 20°C and 35°C for both trials; it was 88 and 53% for 20°C and 
35°C, respectively, in trial one, and 76 and 41% for 20°C and 35°C, respectively, in trial two.  
EC 50 of P. pachyrhizi isolates (Experiment 4). The least sensitive isolate collected was 
AR07-1 (0.39 ppm) and most sensitive isolate was IL08-4 (0.01ppm) (Table 3.7). The mean EC 
50 was 0.13 ppm. There did not seem to be any relationship of geographic origin or year in terms 
of grouping isolates by EC values.   
 Effect of incubation time with azoxystrobin on symptom and uredinia development 
(Experiment 5). Data from the two trials were combined based on the Levene’s test for 
homogeneity of variance that showed that the two trials did not differ for leaf area affected (P = 
0.208). The leaf area affected by P. pachyrhizi increased as the number of days without 
incubating the leaflets on azoxystrobin amended agar increased. The least leaf area affected was 
when inoculated leaflets were incubated on azoxystrobin amended agar immediately (day 0), 1 
and 3 d (Table 3.8). Without azoxystrobin amended agar for 15 days, the leaf area affected was 
19% which was the same as 12, 9, and 6 d (Table 3.8). The greatest number of sporulating 
uredinia occurred on leaflets that were not incubated with azoxystrobin amended agar for 6 d or 
longer, while the least number was on those leaves incubated with azoxystrobin amended agar 
immediately or after 1 d (Table 3.8).    
 
Discussion  
Temperature plays a major role in production and survival of fungal spores. There are 
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many examples in the literature that show the relationship of temperature to spore survival. 
Many studies reported optimal temperatures for spore germination for rust fungi from 21 to 24°C 
(Butler and Jadhav, 1991; Gilles and Kennedy, 2003; Mueller and Buck, 2003). For P. 
pachyrhizi, 21~23 °C was optimal for urediniospore germination and at 30 °C or above, no 
germination occurred (Bonde et al., 2007). For P. pachyrhizi, cold temperature studies on 
infected leaflets of kudzu exposed to freezing temperatures (-0.1 to -4.9 °C) did not completely 
kill uredinia (Formento and Souza, 2006), nor did over seasoning in the winter in Florida or 
Louisiana (Jurick et al., 2008; Park et al., 2008).  
Several studies with other rust fungi have shown optimum and/or the effect of high 
temperatures on uredinial production of urediniospores. Melampsporidium telulindum (birch 
rust), was shown to have an optimal temperature for the development of new uredinia and 
germination of urediniospores of 15°C, and lower or higher temperatures reduced spore 
production (Dooley, 1984). Puccinia hemerocallidis (daylily rust) did not develop lesions 
(uredinia) when hosts were kept at 36°C for 15 days (Mueller and Buck, 2003). The optimal 
condition for urediniospore production of uredinia for P. pachyrhizi was between 19 to 24 °C 
and a decrease in urediniospores production occurred at 32°C after 2 h of exposure in Louisiana 
(Mumma and Schneider, 2007). In my study, I found that uredinia produced the most 
urediniospores at 20°C and decreased in production at 35°C after 5 h of exposure. Also, in my 
study, I found that uredinia stopped producing viable urediniospores after 11 h when exposed to 
35°C but resumed some sporulation when returned to 20°C. The importance of these temperature 
studies is related to how rust may or may not develop in the southern U.S. under hot summer 
conditions. Many of the states in the south that experience rust before the northern states have 
high day time summer temperatures that could keep reproduction of the fungus limited or even 
39 
killed. Often the main spread of the fungus is later in the fall season when temperatures have 
moderated (IPM, 2010). 
 Strobilurin fungicides were introduced in the commercial market in 1994 and gained 
popularity due to their effectiveness against various fungi (Brent and Hollomon, 2007). This 
class of fungicides more so than other classes maybe be prone to developing insensitive fungal 
strains (Brent and Hollomon, 2007). In Brazil, studies of azoxystrobin use have shown no 
evidence of insensitive strains from 2005 to 2009 even though three or more applications have 
occurred during the growing seasons (Mehl, 2009; Scherm et al., 2009). Multiple applications of 
QoI fungicides in soybean fields is likely to continue especially in Brazil, so there needs to be 
continued monitoring of soybean rust isolates to determine when and if fungicide resistance 
occurs. Based on the 15 continental U.S. isolates used in my study, no isolates developed QoI 
resistance although there were differences in isolates. EC50 of Mycosphaerella graminicola, the 
cause of Septoria leaf blotch of wheat, was considered to be insensitive to azoxystrobin at 5 ppm 
(Fraaije et al., 2005), which was more than 10 times the concentration that I found with P. 
pachyrhizi. 
To manage soybean rust with fungicides, early detection and fungicide application soon 
after were the best method to control of soybean rust in the field (Mueller et al., 2009). If 
fungicides are delayed too many days, control is compromised. Based on my laboratory results, I 
concluded that the timing of fungicide exposure was a significant factor in reducing leaf area 
affected and number of uredinia.  
  Survival of P. pachyrhizi not only depends on urediniospore longevity which is 
dependent on air currents, hosts and infection conditions, but also on the capacity of uredinia to 
survive produce urediniospores. Uredinia like uredinispores are exposed to various factors that 
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affect survival including the longevity of the host, and other factors like temperature, and 
exposure to fungicides. This information could have significant implications on the 
epidemiology of soybean rust as it relates to inoculum density.   
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Table 3.1. Analysis of variance for sources of variation of urediniospore counts and germination 
rates for Phakopsora pachyrhizi from detached soybean leaflets incubated at five temperatures 
over four sampling times. 
 Number of urediniospores Germination 
Source df F P-value  df F P-value 
Temperature 4 17.87 <0.0001 4 25.44 <0.0001 
Time after exposure 3 1.88  0.1358 3 1.88  0.1354 
Time*temperature 12 0.66  0.7863 12 1.43  0.1584 
 
Table 3.2. Mean number of Phakopsora pachyrhizi urediniospores and their percentage 
germination collected from uredinia exposed to five temperatures.  
Temperature (°C) Number of urediniospores a Germination (%) b 
15 36.3 ac 43 bc 
20 34.5 a 84 a 
25 18.1 b 40 b 
30  7.3 c  3 c 
35  4.5 c  0 c 
a Mean based on two replication of 4-7 uredinia in each of two samples collected at12,24,36, and 
48 h. 
b Percentage based on germination on water agar plates incubated for 12 h.  
c Means followed by the same letter within rows are not significantly different (P < 0.05). 
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Table 3.3. Analysis of variance for sources of variation of urediniospore counts and germination 
rates for Phakopsora pachyrhizi from detached leaflets at 20 and 35°C over four sampling times.  
 Number of urediniospores Germination 
Source df F P-value   df F P-value 
Temperature 1 87.12 <0.0001 1 48.39 <0.0001 
Time after exposure 3 10.84 <0.0001 3 1.10  0.3545 
Time*temperature 3 12.76 <0.0001 3 4.65  0.0044 
 
Table 3.4. Mean number of Phakopsora pachyrhizi urediniospores collected from uredinia 
exposed to 20°C and 35°C for 5, 7, 9, and 11 h of incubation.  
 Number of urediniosporesa Germination (%)b 
Hours of incubation 20°C 35°C  20°C 35°C 
5  2.3 bcc 1.6 c 54 bcc 26 d 
7 3.2 b 1.6 c  63 b 35 cd 
9 3.2 b 1.5 c  62 b 21 d 
11 6.6 a 1.4 c  94 a 14 d 
a Mean based on two trials of 4-7 uredinia in each of five samples collected. 
b Percentage based on germination on water agar plates incubated for 12 h.  
c Means followed by the same letter within each variable are not significantly different (P < 
0.05). 
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Table 3.5. Analysis of variance for sources of variation in urediniospore counts and germination 
rates for Phakopsora pachyrhizi from detached soybean leaflets incubated at 20 and 35°C then 
20°C additional 12h over four sampling times. 
Trial one   
 Number of urediniospores Germination 
Source df F P-value  df F P-value 
Temperature 1 37.35 <0.001 1   15.41 0.0003 
Time after exposure 3  1.50  0.227 3    0.33 0.8020 
Time*temperature 3  2.69  0.057 3    0.07 0.9772 
 
Trial two 
 Number of urediniospores Germination 
Source df F P-value       df F P-value 
Temperature 1 89.15 <0.001       1 8.84 0.0046 
Time after exposure 3  9.16 <0.001       3 0.79 0.5035 
Time*temperature 3  7.42    0.0003       3 0.44 0.7245 
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Table 3.6. Mean number of Phakopsora pachyrhizi urediniospores collected from uredinia 
exposed to two temperatures then at 20°C for an additional 12 h.  
 Number of urediniosporesa 
First trial    Second trial 
Hours of incubation 20°C     35°C  20°C 35°C 
5 5.4 bcc 3.2 d 2.8 cc 1.3 d 
7 6.1 ab 1.9 e  3.0 c 1.3 d 
9 4.5 cde 2.8 de  4.9 b 1.3 d 
11 8.2 a 2.4 de  6.8 a 1.4 d 
a Mean based on five replication of 4-7 uredinia in each of two samples collected at 5, 7, 9, and 
11 h. 
b Percentage based on germination on water agar plates incubated for 12 h.  
c Means followed by the same letter within columns within a trial are not significantly different 
(P < 0.05). 
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Table 3.7. Effective concentration (EC) 50 of Phakopsora pachyrizhi isolates collected in 
different field locations in the U.S.  
Isolatea EC 50 Year Month County 
IL08-4 0.011 hb 2008 Unknown Marshall 
FL07-1 0.014 h 2007 Unknown Gadsden 
AR08-2 0.029 h 2008 October Jackson 
TX07-3 0.039 gh 2007 July Cameron 
 AR08-14 0.066 gf 2008 October Poinsett 
AL08-1 0.082 f 2008 March Mobile 
AR08-7 0.098 def 2008 October Clark 
FL07-5 0.099 ef 2007  June Hernando 
TX08-3 0.099 def 2008 Unknown Unknown 
AR08-3 0.122 cde 2008 October Crawford 
MS07-1 0.129 cd 2007 October Isola 
OK07-1 0.135 c 2007 November Tulsa 
MS07-4 0.305 b 2007 October Stoneville 
AR08-1 0.317 b 2008 Unknown Unknown 
AR07-1 0.396 a 2007 Unknown Fairhope 
a First two letters correspond to state abbreviation.  
b Means followed by the same letter are not significantly different (P < 0.05). 
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Table 3.8. Leaf area affected and mean number of uredinia and by Phakopsora pachyrhizi 
exposed to a fungicide-amended agar over seven sampling times. 
Total days without 
the fungicide  
Leaf area 
affected (%)a 
Number of 
urediniaab 
0  4 cc  27 cc 
1      5 c  68 bc 
3      7 bc     98 b 
6 14 ab 175 a 
9 14 ab 168 a 
12 13 ab 194 a 
15 20 a 194 a 
a Mean value of affected leaflet based on two trials. 
b Only second trial used for analysis based on the number of sporulating uredinia per leaflet. 
c Means followed by the same letter within a column are not significantly different (P<0.05) 
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Figure 3.1. Phakopsora pachyrhizi urediniospores on soybean leaves at 15°C (left) and no 
urediniospores produced at 35°C (right) 24 h after incubation. 
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Figure 3.2. A) The number of Phakopsora pachyrhizi urediniospores collected from uredinia 
exposed to five temperatures for 12, 24, 36, and 48 h. B) Germination of P. pachyrhizi 
urediniospores collected form uredinia exposed to five temperatures for 12, 24, 36, and 48 h. 
Each data point is the average of four samples per two replications along with standard errors 
bars. 
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Summary  
 
 This research focused on host resistance of Glycine tomentella to Phakopsora pachyrhizi 
(soybean rust), and on uredinia production of urediniospores. After 2004 when soybean rust was 
discovered in the continental U.S., more resources were used to study host resistance and learn 
more about the biology of the fungus.   
 In the first study, four F2 populations of G. tomentella derived from crossing a rust 
susceptible (PI 441011) with four rust resistant accessions (441008, 483218, 509501, and 
583970) were evaluated for rust resistance. About 100 F2 individuals per population and parents 
were inoculated with P. pachyrhizi under controlled greenhouse conditions. The soybean rust 
isolate was collect in Quincy, FL in 2007. Rust resistance was assessed on a qualitative scale 
based on lesion color and sporulation of uredinia. Segregation analysis of F2 populations 
indicated several genetic models explained the inheritance of resistance based on how the data 
were interpreted; the models included one dominant gene and two dominant genes. The rust 
resistance gene or genes in these four accessions of G. tomentella may represent unique 
resistance to P. pachyrhizi not found in soybean.  
 Survival and production of urediniospores of P. pachyrhizi depends on its hosts, the 
environment, and exposure to fungicides. In the second study, uredinia in infected leaves were 
washed, incubated at different temperatures and fungicide concentrations, and evaluated for re-
sporulation and germination of urediniospores. There was a significant (P < 0.05) temperature 
effect on uredinia production of urediniospores and their germination. Uredinia produced the 
most urediniospores at 15 and 20°C and the least at 30 and 35°C. Germination rate of 
urediniospores was 84% when produced from uredinia incubated at 20°C, which was the highest 
compared to the other temperatures. When urediniospores of 15 isolates were exposed to varying 
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concentrations of azoxystrobin, the effective concentration 50 values ranged from 0.01 to 0.40 
ppm with an isolate from Arkansas having a significantly (P < 0.05) higher value than the other 
isolates. Detached inoculated leaflets incubated on azoxystrobin amended agar immediately or 
up to 6 days after inoculation had significantly (P < 0.05) lower leaf area affected and number of 
sporulating uredinia than inoculated leaves that were not incubated with the fungicide treatment 
for 6, 9, 12 and 15 d after inoculation. The results show that temperatures and a fungicide play a 
significant role in uredinia production of urediniospores and their germination. This information 
could have significant implications for the epidemiology of soybean rust as it relates to inoculum 
density. 
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Appendix A 
 
Association of Simple Sequence Repeat (SSR) Markers to Soybean Rust Resistance in  
Five Accessions of Glycine tomentella and Single Nucleotide Polymorphism (SNP) markers 
to Soybean Rust Resistance in Three F2 Populations of G. tomentella.  
 
Simple Sequence Repeat (SSR) Markers  
A total of 240 SSR markers were chosen: 200 SSR markers were 25 cM apart 
throughout the soybean genome; Five SSR markers (Satt584, Satt411, Satt244, Satt462, and 
Satt509 3) were based on previous paper study of G. max X G. tomentella (Zou et al., 2004); 
and the remaining SSR markers were from known Rpp genes; Rpp1 (Sct_187,Sat_064,Sat_372), 
Rpp2 (Satt215,Sat_361,Sat_366,Sct_001), Rpp3 (Sat_275,Sat_280), and Rpp4 
(Satt288,Satt191,Satt612,AF162283) (Table A.1.).  
Plant DNA was extracted by Fast DNA spin kit (MP biomedical, Solon, OH) from PI 
441008, 441011, 483218, 509501, and 583970. After extraction, PCR and imaging protocols 
were adapted from a previous study (Zou et al., 2006). SSR markers analysis showed that only 
30 markers out of 250 markers produced bands in a gel and none of markers produced 
polymorphic bands. 
 
Single Polymorphisms (SNP) Markers  
 Five parent accessions and three F2 populations of G. tomentella were tested using the 
Golden Gate Assay through collaborations with David Hyten, USDA, ARS, Beltsville, MD. 
DNA of the five parent accessions was individually extracted and 15 susceptible and 15 
resistance plants of each F2 population were individually extracted and then pooled. All plant 
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genetic materials were extracted by Fast DNA spin kit (MP biomedical, Solon, OH). SNP marker 
analysis did not produce any polymorphic bands in the Golden Gate Assay (David Hyten, pers. 
comm.). 
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Table A.1. Evaluation of soybean simple sequence repeat markers in five Glycine tomentella 
accessions.  
 
SSR locus 
Linkage Group 
(LG) 
Produced bands 
Y/Na 
Soybean Rpp locations 
or source of paperb 
AW132402 A2 N  
Sat_003 M N (Zou et al., 2004) 
Sat_020 K N (Zou et al., 2004) 
Sat_022 D2 N  
Sat_038 O Y  
Sat_039 F N  
Sat_064 G Y  
Sat_090 F N  
Sat_091 N Y (Zou et al., 2004) 
Sat_093 J N Rpp2 
Sat_099 L N  
Sat_117 G N Rpp1, single gene 
Sat_121 M Y  
Sat_126 K N  
Sat_130 C2 N  
Sat_137 A1 N Slow rusting 
Sat_140 C1 N  
Sat_143 G N Rpp4 
Sat_144 J N  
Sat_180 H N Slow rusting 
Sat_190 O N  
Sat_217 A1 N  
Sat_218 H N Slow rusting 
Sat_235 C1 N  
Sat_238 C2 N Rpp3, Hyuunga, single gene 
Sat_243 K N  
Sat_245 L Y  
Sat_272 B1 N  
Sat_276 M Y  
Sat_293 K N  
Sat_294 A2 N  
Sat_305 D1a N  
Sat_307 O Y  
Sat_316 M N  
Sat_318 O Y  
Sat_330 M Y  
Sat_331 B1 N  
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Table A.1. (cont.) 
Sat_332 D1a N  
Sat_333 D2 N  
Sat_337 C1 N  
Sat_348 B1 N  
Sat_349 K N Slow rusting 
Sat_351 D1b N  
Sat_353 D1a N  
Sat_361 J N Rpp2 
Sat_368 A1 N Slow rusting 
Sat_372 G N Rpp1, single gene 
Sat_373 D1b N  
Sat_379 N N  
Sat_403 G N  
Sat_415 D1b N  
Sat_423 D1b N  
Satt006 L N  
Satt014 D2 N  
Satt022 N N  
Satt038 G N  
Satt045 E N  
Satt049 I N  
Satt050 A1 N  
Satt071 D1a N  
Satt072 F N  
Satt073 A1 N  
Satt077 D1a N  
Satt079 C2 N Rpp3, Hyuunga, single gene 
Satt083 B2 N  
Satt089 A2 N  
Satt102 K N  
Satt123 O N  
Satt126 B2 N (Zou et al., 2004) 
Satt129 D1a N  
Satt130 G N  
Satt131 G N  
Satt133 A2 N  
Satt144 F N  
Satt146 F N  
Satt148 I N  
Satt152 N N  
Satt154 D2 N  
Satt162 I N  
Satt164 C1 N  
Satt170 C2 N  
Satt172 D1b N  
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Table A.1. (cont.) 
Satt177 A2 N (Zou et al., 2004) 
Satt181 H N Slow rusting 
Satt182 L N  
Satt184 D1a N  
Satt187 A2 N  
Satt195 C1 N  
Satt196 K N (Zou et al., 2004) 
Satt197 B1 N  
Satt199 G N  
Satt201 M N  
Satt202 C2 N  
Satt206 A2 N  
Satt217 D1b N  
Satt227 C2 N  
Satt228 A2 N  
Satt241 O N  
Satt242 K N  
Satt244 J Y (Zou et al., 2004) 
Satt249 J N  
Satt252 F Y  
Satt253 H N  
Satt257 N N  
Satt273 K N  
Satt274 D1b N  
Satt280 J Y  
Satt285 J N  
Satt286 C2 Y  
Satt288 G Y Rpp4 
Satt301 D2 N  
Satt302 H N  
Satt304 B2 N  
Satt310 D2 N  
Satt311 D2 Y  
Satt312 N N  
Satt315 A2 N  
Satt318 B2 N  
Satt322 C2 N  
Satt326 K N Slow rusting 
Satt328 D2 N  
Satt341 A2 N  
Satt346 M N  
Satt349 K N  
Satt353 H N  
Satt354 I N  
Satt356 G Y  
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Table A.1. (cont.) 
Satt358 O N  
Satt366 C2 N  
Satt367 I N  
Satt369 E N  
Satt371 C2 Y  
Satt372 D2 Y  
Satt374 F Y  
Satt376 C2 N  
Satt378 A2 N  
Satt381 K Y  
Satt382 A1 Y  
Satt387 N N  
Satt390 A2 N  
Satt393 N N  
Satt395 F Y  
Satt396 C1 N  
Satt404 M N  
Satt409 A2 N  
Satt411 E N (Zou et al., 2004) 
Satt421 A2 N  
Satt426 B1 N  
Satt430 B1 N  
Satt431 J N  
Satt433 C2 N  
Satt437 A2 N  
Satt440 I N  
Satt443 D2 N  
Satt447 D2 N  
Satt448 L N  
Satt454 A1 N  
Satt457 C2 Y  
Satt460 C2 N Rpp3, Hyuunga, single gene 
Satt462 L Y (Zou et al., 2004) 
Satt463 M N  
Satt467 B2 Y  
Satt472 G N  
Satt473 O N  
Satt478 O Y  
Satt484 B1 N  
Satt495 L N  
Satt499 K N  
Satt500 O N  
Satt509 B1 Y (Zou et al., 2004) 
Satt510 F N  
Satt511 A1 N  
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Table A.1. (cont.) 
Satt513 L N  
Satt519 B1 N  
Satt520 C2 Y  
Satt521 N N  
Satt523 L N  
Satt524 C1 Y  
Satt525 A2 N  
Satt532 D1a Y  
Satt534 B2 N  
Satt536 M N  
Satt541 H N  
Satt546 D1b N  
Satt547 J N  
Satt551 M Y  
Satt553 E N  
Satt565 C1 N (Zou et al., 2004) 
Satt566 G N  
Satt567 M N  
Satt568 H N  
Satt571 I Y  
Satt573 E N  
Satt575 E Y  
Satt577 B2 N  
Satt578 C1 N  
Satt580 D1a N  
Satt584 N N (Zou et al., 2004) 
Satt592 O N  
Satt599 A1 N  
Satt604 D1b N  
Satt612 G N Rpp4 
Satt614 I N  
Satt619 A1 N  
Satt628 K N Slow rusting 
Satt634 D1b N  
Satt638 B1 N  
Satt646 C1 N  
Satt648 A1 N  
Satt653 O N  
Satt657 F N  
Satt663 F N  
Satt665 B1 N  
Satt666 H N  
Satt671 I Y  
Satt680 M N  
Satt681 C2 N  
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Table A.1. (cont.) 
Satt684 A1 N Slow rusting 
Satt685 E N  
Satt687 B2 N  
Satt690 C1 N  
Satt697 M N  
Satt715 K N  
Satt720 E Y  
Satt726 B2 N  
Scaa001 O N  
Sct_001 J N Rpp2 
Sct_026 B1 N  
Sct_094 B2 N  
Sct_137 D2 N  
Sct_186 C1 N  
Sct_187 G Y Rpp1, single gene 
Sct_189 I N  
Sctt009 H N  
a All markers did not produced polymorphic bands 
b Zou, J. J., Singh, R. J., and Hymowitz, T. 2004. SSR marker and ITS cleaved amplified  
polymorphic sequence analysis of soybean × Glycine tomentella intersubgeneric derived lines. 
Theor. Appl. Genet. 109:769-774. 
 
 
 
 
 
